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Background: Prenatal exposure to ambient air pollution has been associated with adverse birth out-
comes, but the potential modifying effect of maternal comorbidities remains understudied. Our objective
was to investigate whether associations between prenatal air pollution exposures and birth outcomes
differ by maternal comorbidities.
Methods: A total of 818,400 singleton live births were identiﬁed in the province of Ontario, Canada from
2005 to 2012. We assigned exposures to ﬁne particulate matter (PM2.5), nitrogen dioxide (NO2) and
ozone (O3) to maternal residences during pregnancy. We evaluated potential effect modiﬁcation by
maternal comorbidities (i.e. asthma, hypertension, pre-existing diabetes mellitus, heart disease, gesta-
tional diabetes and preeclampsia) on the associations between prenatal air pollution and preterm birth,
term low birth weight and small for gestational age.
Results: Interquartile range (IQR) increases in PM2.5 (2 μg/m3), NO2 (9 ppb) and O3 (5 ppb) over the entire
pregnancy were associated with a 4% (95% CI: 2.4–5.6%), 8.4% (95% CI: 5.5–10.3%) and 2% (95% CI: 0.5–
4.1%) increase in the odds of preterm birth, respectively. Increases of 10.6% (95% CI: 0.2–2.1%) and 23.8%
(95% CI: 5.5–44.8%) in the odds of preterm birth were observed among womenwith pre-existing diabetes
while the increases were of 3.8% (95% CI: 2.2–5.4%) and 6.5% (95% CI: 3.7–8.4%) among women without
this condition for pregnancy exposure to PM2.5 and NO2, respectively (Pinto0.01). The increase in the
odds of preterm birth for exposure to PM2.5 during pregnancy was higher among women with pre-
eclampsia (8.3%, 95% CI: 0.8–16.4%) than among women without (3.6%, 95% CI: 1.8–5.3%) (Pint¼0.04).
A stronger increase in the odds of preterm birth was found for exposure to O3 during pregnancy
among asthmatic women (12.0%, 95% CI: 3.5–21.1%) compared to non-asthmatic women (2.0%, 95% CI:
0.1–3.5%) (Pinto0.01). We did not ﬁnd statistically signiﬁcant effect modiﬁcation for the other outcomes
investigated.evier Inc. This is an open access article under the CC BY-NC-ND license
ion, Health Canada, 269 Laurier Avenue West, Mail stop 4903B, Ottawa, Ontario, Canada K1A 0K9.
e).
E. Lavigne et al. / Environmental Research 148 (2016) 457–466458Conclusions: Findings of this study suggest that associations of ambient air pollution with preterm birth
are stronger among women with pre-existing diabetes, asthma, and preeclampsia.
Crown Copyright & 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ambient air pollution has been associated with several adverse
birth outcomes such as preterm delivery, low birth weight and
small for gestational age (Dadvand et al., 2013; Shah et al., 2011;
Stieb et al., 2012). The underlying mechanism(s) explaining the
impact of maternal air pollution exposures on adverse birth out-
comes are not well understood, but it appears that impaired
oxygen and nutrient transport to the foetus due to oxidative stress,
inﬂammation and hemodynamic changes may be implicated
(Kannan et al., 2006; Schlesinger et al., 2006). For example, some
evidence suggests that exposure to particulate air pollution during
pregnancy can lead to acute inﬂammation in the lungs and other
organs, including the placenta, thereby increasing the likelihood of
preterm labour (Liu et al., 2003). In addition, increased systemic
inﬂammation may also contribute to intrauterine growth restric-
tion due to interference with nutrient transport to the foetus and
reduced oxygenation of maternal blood (Kannan et al., 2006).
In general, presence of inﬂammation is also a common char-
acteristic of individuals with medical conditions such as diabetes
and chronic hypertension (Rodriguez-Hernandez et al., 2013) and
previous studies have shown that women with pre-existing health
problems such as these were at increased risk of adverse birth
outcomes (Ankumah et al., 2014; Gilbert et al., 2007; Negrato et al.,
2012). In that regard, two recent studies have investigated whe-
ther speciﬁc maternal health problems and pregnancy complica-
tions could modify the impact of air pollution on adverse birth
outcomes (Laurent et al., 2014; Lin et al., 2015). These investiga-
tions have shown stronger associations between air pollution and
low birth weight among infants of mothers with chronic hy-
pertension and diabetes mellitus (Laurent et al., 2014) and preterm
birth among infants of mothers with gestational diabetes mellitus
(Lin et al., 2015). However, these studies lacked data on smoking
during pregnancy and relied on data from ambient air pollution
monitoring stations. In addition, other diseases associated with
systemic inﬂammation such as chronic asthma, heart disease and
preeclampsia that have not been previously investigated and could
also modify the relationship between air pollution and adverse
birth outcomes.
Exposure to air pollution can induce oxidative stress and can
lead to a release of proinﬂammatory mediators in airway epithelial
cells among pregnant women which can trigger preterm delivery
(Kannan et al., 2006; Shah et al., 2011; Vadillo-Ortega et al., 2014).
Previous studies in non-pregnant adults have suggested that dia-
betes, heart diseases, asthma and hypertension can modify the
effects of outdoor air pollution on adverse health outcomes (Colais
et al., 2012; Goldberg et al., 2013; Zanobetti et al., 2000). Oxidative
stress and inﬂammation are hypothesized to be implicated in this
enhanced susceptibility to air pollution. For instance, a panel study
of elderly persons found that air pollution was associated with
systemic inﬂammation markers (C-reactive protein, interleukin-6,
white blood cells), with the largest associations observed amongst
persons with diabetes and hypertension (Dubowsky et al., 2006).
Given that pregnancy is a state having enhanced susceptibility to
oxidative stress and inﬂammation (Casanueva and Viteri, 2003;
Patil et al., 2007) which has implications for fetal growth (Weber
et al., 2014), we believe these associations may be enhanced in the
presence of maternal health conditions (Laurent et al., 2014). In
general, a better understanding of the pathways linking gesta-
tional air pollution exposures and adverse birth outcomes is ofpublic health interest given that these conditions can have lifelong
consequences (Chernausek, 2012).
This study examined whether selected maternal pre-existing
and pregnancy-associated comorbidities modiﬁed associations
between major ambient air pollutants, namely nitrogen dioxide
(NO2), particulate matter with aerodynamic diameters of r2.5 mm
(PM2.5) and ozone (O3), and adverse birth outcomes.2. Methods
2.1. Study population
Our study population included a retrospective cohort of preg-
nant women giving birth in hospitals to live born, non-planned
C-sections, singleton infants in Ontario, Canada between January
1st 2005 and March 31st 2012. Birth data were collected from the
Better Outcomes Registry & Network (BORN) Ontario, a province
wide birth registry that captures maternal health, obstetric, in-
trapartum, and neonatal information in and around the perinatal
period of pregnancy (Dunn et al., 2011). Women were enrolled in
the birth registry during the ﬁrst trimester of pregnancy (6–14
weeks gestation). Birth outcomes examined in this study included
preterm birth (gestational age o37 weeks), term low birth weight
(LBW, o2500 g) and small for gestational age (SGA, o10th per-
centile of birth weight for gestational age) (Kramer et al., 2001).
Gestational age was determined from the mother's last menstrual
period, so there's a potential misclassiﬁcation of gestational age,
but there's no reason to suspect that misclassiﬁcation differed by
air pollution levels. The ﬁrst trimester of pregnancy was deﬁned as
gestational week 1 through week 12, the second trimester as week
13 to week 27 and the third trimester of pregnancy from week 28
to birth. Potential effect modiﬁers under study included pre-ex-
isting maternal comorbidities such as asthma, hypertension, dia-
betes mellitus (insulin and non-insulin dependent), and heart
disease, as well as pregnancy-associated complications such as
gestational diabetes and preeclampsia. Information on pre-exist-
ing maternal asthma was captured after linking maternal in-
formation from the birth registry with the Ontario Asthma Sur-
veillance Information System which is a population-based registry
that identiﬁes incident asthma cases using a validated algorithm
(Gershon et al., 2009). We obtained information on pre-existing
hypertension status among pregnant women by linking maternal
information from the birth registry with the Ontario hypertension
database, a validated registry of Ontario residents with diagnosed
hypertension (Tu et al., 2007). We used the Ontario Diabetes Da-
tabase, a validated registry of diabetics in Ontario, to identify
pregnant women with and without diabetes before their preg-
nancy (Hux et al., 2002). Heart disease status was captured by
linking maternal information with the Discharge Abstract Data-
base, a hospital discharge database that captures all hospital ad-
missions among Ontario residents. Therefore, the linkage of the
birth registry with these registries allowed the identiﬁcation of
diagnoses of asthma, hypertension, diabetes and heart disease
prior to pregnancy. Gestational diabetes status was assessed be-
tween the 24th and 28th week of gestation following the diag-
nostic criteria of the Canadian Diabetes Association (Canadian
Diabetes Association, 2013). The presence of preeclampsia was
ascertained through routine measures of blood pressure and pro-
teinuria after 20 weeks of gestation using established diagnostic
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granted by the Research Ethics Boards of Health Canada and the
Children's Hospital of Eastern Ontario.
2.2. Exposure assessment to ambient air pollutants
To be included in the analysis, a 6 digit-postal code captured
during pregnancy had to be assigned to participants in order to
link to environmental exposures. We obtained maternal re-
sidential information during pregnancy by linking the birth reg-
istry with the Registered Persons Database (RPDB), a registry of all
Ontario residents that contains postal codes of residence over
time. This allowed us to capture residential mobility during
pregnancy and assign time varying exposures accordingly. Postal
codes are updated in the RPDB when people move as they are
requested to submit their new address to the database, but this is
done on a voluntary basis. Addresses and postal codes may also be
updated in the RPDB upon obtaining health services. Additionally,
a mandatory address update is required every ﬁve years to renew
an individual's health insurance card. Therefore, information on
the exact timing of the residential moves may not be accurately
captured. Information on maternal residential location(s) based on
the postal code(s) was geo-coded using the Postal Code Conver-
sion File Plus (PCCFþ) to obtain Statistics Canada's standard geo-
graphic identiﬁers and dissemination area (DA) information
(Wilkins and Peters, 2012). In urban areas, the 6-digit postal code
generally represents one side of a city block or a large apartment
complex while it usually represents a larger area in rural areas. We
assigned air pollution exposure estimates to the geographical co-
ordinates representing the 6-digit postal codes. Pregnancies with
postal codes of residence outside Ontario (i.e. less than 1% of all
pregnancies) were excluded from the analysis.
Prenatal exposure to PM2.5 was assigned based on satellite-
derived estimates of single year, three-month running interval
surfaces at a 1 km1 km resolution available across North
America from 1998 to 2012 which covered the period under in-
vestigation. Satellite estimates were developed following van
Donkelaar et al. (2015) using a 1 km optimal estimate (OE) aerosol
optical depth (AOD) satellite retrieval that was related to PM2.5
with a chemical transport model, and adjusted using a geo-
graphically weighted regression (GWR) to account for regional bias
across North America (Brunsdon et al., 1996; van Donkelaar et al.,
2015). Data were assigned based on trimester-speciﬁc periods of
exposure and were averaged to obtain estimates for the entire
pregnancy.
Maternal residential exposure to ambient NO2 was obtained
from an updated national Land Use Regression (LUR) model de-
veloped from National Air Pollution Surveillance (NAPS; http://
www.ec.gc.ca/rnspa-naps/) monitoring data, 2005–2011 satellite
NO2 estimates (Lamsal et al., 2008) road length within 10 km, area
of industrial land use within 2 km, and mean summer rainfall
(Hystad et al., 2011; Hystad et al., 2015). To capture ﬁne-scale
variations in vehicle emissions, kernel density functions describing
densities of roadways were incorporated into the LUR model
predictions. This model explained 73% of the variation in annual
2006 NO2 measurements with a root mean square error of
2.9 parts per billion (ppb). The resulting LUR NO2 surface was
available for each year of the study period. Therefore, to obtain
estimates of exposure over the entire pregnancy period and over
each trimester, we calculated a weighted average of consecutive
years, where weights were equal to the proportion of the preg-
nancy and trimesters in each year. We also conducted a sensitivity
analysis to capture exposure to NO2 during the whole pregnancy
period and by trimesters by applying a temporal scaling technique
using ground-based monitoring NO2 estimates (Bechle et al., 2015;
Johnson et al., 2013). Brieﬂy, we ﬁrst calculated a scaling factor ateach monitoring location for each month of the study period using
the formula described in Bechle et al. (2015). We then created a
scaling surface for each month of the study period by spatially
interpolating the scaling factors. We applied an inverse distance
weighting (IDW) spatial interpolation to 6-character postal code
locations that were within 25 km from a NAPS station to create the
scaling surface. These monthly scaling surfaces were then applied
to the yearly LUR estimates to create monthly NO2 surfaces. These
were then used to estimate exposure to NO2 over pregnancy and
by trimesters.
We assigned concentrations of exposure to O3 using 21 km grid
values to the 6-character postal codes based on a surface re-
presenting the average of the daily 8 h maximum concentrations
in the warm seasons (May 1st to October 31st) for the period of
2002–2009 across Canada and the United States generated from an
optimal interpolation technique adapted to air pollutants (Ro-
bichaud and Ménard, 2014). This methodology linearly combined
hourly modeled O3 surface provided from the Canadian and
Hemispheric Regional Ozone and NOx System (CHRONOS) with
observations available in both countries. This approach allowed us
to capture realistic estimates of O3 exposure during the warm
seasons from 2005 to 2009 in areas without ground-based mon-
itoring data. We obtained pregnancy and trimester-speciﬁc esti-
mates of O3 based on a temporal scaling using ground-based O3
data by spatial interpolation. We applied an inverse distance
weighting (IDW) spatial interpolation to 6-character postal code
locations that were within 25 km from a NAPS station to create a
scaling surface. These monthly scaling surfaces were then applied
to the 2005–2009 ozone estimates to create monthly O3 surfaces.
Only pregnancies with estimated conception dates that took place
between February 1st and April 30th of each year were included
for the exposure assessment of O3 to reﬂect exposure occurring
mainly during the warm seasons which corresponds to the ex-
posure period for O3.
2.3. Covariates
Potential confounders in this study that were available from the
birth registry included maternal age at delivery, maternal cigarette
smoking anytime during pregnancy, infant sex, parity, previous
caesarean section delivery, month of birth and year of birth. We
also adjusted using an indicator for urban/rural place of residence.
As well, to evaluate confounding by socioeconomic status (SES),
we abstracted three SES variables from the 2006 Canadian census
at the dissemination-area (DA) level: median family income, pro-
portion of population in the DA who are visible minority, and
percentage of the adult female population aged 25–64 years who
completed postsecondary education. A visible minority is deﬁned
by the Canadian Employment Equity Act and classiﬁcation of in-
dividuals based on response to census questions pertaining to self-
identiﬁed population and aboriginal group (Statistics Canada,
2015). A DA is a small geographical unit composed of one or more
neighbouring dissemination blocks, with a population of 400–700
persons. All of Canada is divided into DAs. These area based vari-
ables have been shown to be reasonable measures of neighbour-
hood-level SES (Subramanian et al., 2006). We assigned the three
area-based SES variables to study subjects based on their postal
codes at the time of delivery or using a weighted SES for the re-
sidences throughout pregnancy for those who moved during
pregnancy.
2.4. Statistical analysis
Multivariable mixed effect logistic regression models were
used to evaluate associations between exposure to single air pol-
lutants during pregnancy and adverse birth outcomes, adjusting
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confounders that have been previously reported in the literature
with the associations under investigations (Dadvand et al., 2013;
Stieb et al., 2012). Mixed effect models with random intercepts
were deﬁned at two spatial levels: a ﬁrst cluster level deﬁned by
census divisions and a second cluster level deﬁned by census tracts
within census divisions. This approach has been used in a previous
Canadian study investigating long term health effects of air pol-
lution (Crouse et al., 2012). Census tracts (CTs) are small areas that
usually have a population between 2500 and 8000 persons while a
census division corresponds to a group of neighboring munici-
palities or a county. We accounted for spatial clustering because
participants living in the same community (i.e. census division) or
neighborhood (i.e. census tract) may be more likely to share si-
milar risk factors with regards to the outcomes investigated than
subjects residing in different locations. Base models were ﬁrst
developed for each pollutant without interaction terms for co-
morbidities. Next, effect modiﬁcation by maternal comorbidities
was tested by including a cross product interaction term between
each exposure of interest (i.e. PM2.5, NO2 and O3) and maternal
comorbidities for each outcome investigated. Wald's method was
used to assess the presence of interaction on the multiplicative
scale. Effect modiﬁcation was considered statistically signiﬁcant if
the interaction term p-value was less than 0.05. Analyses were
conducted for whole pregnancy and trimester-speciﬁc exposures.
Results are expressed as the odds ratio (OR) and 95% conﬁdence
interval (CI) corresponding to an increase across the interquartile
range (IQR) of PM2.5, NO2 and O3. Effect modiﬁcation by preg-
nancy-associated complications was assessed only during the
second and third trimesters because the diagnostic periods for
gestational diabetes and preeclampsia usually occur after 20
weeks of gestation. We also conducted a sensitivity analysis by
comparing urban vs. rural place of residence when investigating
the overall associations between each pollutant and adverse birth
outcomes. In addition, we investigated whether maternal co-
morbidities were independently associated with adverse birth
outcomes. Another sensitivity analysis was conducted by em-
ploying monthly average concentrations from ground-based
monitors for 14 urban sites across the province of Ontario with at
least 85% complete monthly data. We assigned monthly average
concentrations to postal codes that were within 5 km from the
monitoring stations. We then compared estimates when model-
ling exposures with the ground-based stations to those using the
remote sensing or LUR models data using the subset population of
pregnant women living within 5 km from the monitoring stations.
All data manipulation and statistical analysis were performed
using SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina).3. Results
A total of 818,400 singleton live births were included in the
analyses. O3 exposures could be assigned to 362,800 births. There
were a total of 51,144 (6.3%) preterm births, 39,740 term LBW
births (4.9%) and 75,916 (9.3%) small for gestational age births
(Table 1). The outcomes under investigation were more prevalent
across speciﬁc infant, maternal and neighborhood characteristics.
For instance, adverse birth outcomes were observed more fre-
quently among women aged less than 20 years, those who smoked
during pregnancy, among women with speciﬁc health problems
(i.e. chronic hypertension, heart disease and pre-existing diabetes
mellitus) and in the lowest quintiles of neighbourhood median
family income indicator. In addition, the prevalence of small for
gestational age and term LBW was higher in neighborhoods with a
higher proportion of individuals of visible minority. The exposures
of interest also differed across categories of maternal andneighborhood characteristics. The mean concentrations of PM2.5
and NO2 were slightly higher among women who smoked during
pregnancy while the opposite pattern was observed for O3. There
was also a trend of higher PM2.5 and NO2 exposures across de-
creasing quintiles of neighborhood median family income, in-
creasing quintiles of females who completed postsecondary edu-
cation and by increasing per cent of visible minority in the
neighborhood. O3 concentrations appeared to increase towards
the lowest quintiles of neighborhood postsecondary education and
in neighborhoods with fewer visible minorities.
The IQRs for PM2.5, NO2 and O3 over the entire pregnancy were
2.0 μg/m3, 9.0 ppb and 5.0 ppb, respectively (Table 2). During the
entire pregnancy, exposure to PM2.5 was weakly correlated with
exposure to NO2 (r¼0.35), negatively correlated with O3
(r¼0.14) and the correlation between exposure to NO2 and O3
(r¼0.53) was moderately negative (all three signiﬁcant at
po0.001) (supplementary Table S1). As well, correlations among
trimester exposures for PM2.5 and O3 were generally weak while
trimester exposures for NO2 were moderately correlated (supple-
mentary Tables S2–S4). As well, there was a moderate correlation
between DA median income and DA percent of females who
completed postsecondary education (r¼0.40), a weak correlation
between the later and DA percent of visible minority(r¼0.1231)
and a negative correlation between DA median income and DA
percent of visible minority (r¼0.3009) (data not shown).
The overall associations between exposure to PM2.5, NO2 and O3
over the entire pregnancy and adverse birth outcomes are dis-
played in Figs. 1–3. IQR increases in PM2.5, NO2 and O3 over the
entire pregnancy were associated with a 4% (95% CI: 2.4–5.6%),
8.4% (95% CI: 5.5–10.3%) and 2% (95% CI: 0.5–4.1%) increase in the
odds of preterm birth, respectively. An 11.5% (95% CI: 9.9–13.1%)
and 8.3% (95% CI: 4.6–11.5%) increase in the odds of small for ge-
stational age and term low birth weight were observed per IQR
increase in O3.
We found evidence of effect modiﬁcation by maternal diabetes
status for exposure to PM2.5 over the entire pregnancy (interaction
p value¼0.0014) (Fig. 1 and supplementary Table S5). For instance,
a 10.6% (95% CI: 0.2–22.1%) increased odds of preterm birth was
observed among women with chronic diabetes per IQR increase in
PM2.5. In comparison, women without chronic diabetes had a 3.8%
(95% CI: 2.2–5.4%) increased odds of preterm birth across IQR in-
creases in PM2.5. We also found evidence of effect modiﬁcation by
maternal preeclampsia status (interaction p value¼0.0358) when
evaluating the impact of PM2.5 on the odds of preterm birth.
Speciﬁcally, an 8.3% (95% CI: 0.8–16.4%) increased odds of preterm
birth was observed among women with preeclampsia during
pregnancy while a 3.6% (95% CI: 1.8–5.3%) increased odds was
observed among women without preeclampsia per IQR increases.
Maternal chronic diabetes was also an effect modiﬁer in the
associations between pregnancy exposure to NO2 and preterm
birth (interaction p valueo0.0001) (Fig. 2 and supplementary
Table S5). Per IQR increases in NO2, women with chronic diabetes
had a 23.8% (95% CI: 5.5–44.8%) increased odds of preterm birth
while women without this condition had a 6.5% (95% CI: 3.7–8.4%)
increased odds of preterm birth.
There was also evidence of effect modiﬁcation by maternal
chronic diabetes status (interaction p valueo0.0001) for exposure
to O3, but stratum speciﬁc estimates were not statistically sig-
niﬁcant (Fig. 3 and supplementary Table S5). Maternal asthma
status appeared to modify the relationship between exposure to
O3 during pregnancy and preterm birth (interaction p
value¼0.0009). Per IQR increase in exposure to O3 during preg-
nancy, a 12% (95% CI: 3.5–21.1%) increased odds of preterm birth
was observed among pregnant women with asthma while we
found 2% (95% CI: 0–3.5%) increased odds for those without asth-
ma. We did not ﬁnd evidence of effect modiﬁcation in the
Table 1
Prevalence of birth outcomes and mean PM2.5, NO2 and O3 exposures over the entire pregnancy by infant, maternal and neighborhood characteristics.a
Characteristics Preterm birth, n (%) Term low birth weight,
n (%)
Small for gestational age,
n (%)
Mean PM2.5
(μg/m3)
Mean NO2
(ppb)
Mean O3
(ppb)
Sex
Male 28,247 (6.7) 19,214 (4.6) 36,138 (9.5) 9.1 15.9 27.8
Female 22,843 (5.8) 20,463 (7.2) 39,778 (9.1) 9.1 15.9 27.8
Unknown 54 (6.2) 63 (5.2) 0 9.1 15.4 29.2
Maternal age
o20 2013 (7.5) 1784 (6.7) 3226 (12.0) 9.0 15.5 28.7
20–34 36,639 (6.0) 28,486 (4.6) 57,956 (9.4) 9.1 15.8 27.9
Z35 12,481 (7.0) 9464 (5.3) 14,728 (8.3) 9.2 16.1 27.3
Missing 11 (16.7) 6 (9.1) 6 (9.1) 8.2 15.5 28.6
Parity
0 24,440 (6.8) 20,494 (5.7) 41,710 (11.6) 9.1 16.2 27.8
1 15,717 (5.4) 11,435 (3.9) 21,580 (7.5) 9.1 15.6 27.8
Z2 10,326 (6.4) 7237 (4.5) 11,898 (7.4) 9.1 15.6 27.8
Missing 661 (7.6) 574 (6.6) 728 (8.4) 9.7 16.6 27.0
Smoking during pregnancy
Yes 11,919 (8.0) 10,291 (6.9) 17,677 (11.8) 9.1 16.0 27.7
No 39,225 (5.9) 29,449 (4.4) 58,239 (8.7) 9.0 15.9 28.2
Dissemination area median family income
Quintile 1 13,841 (6.8) 11,677 (5.8) 22,629 (11.1) 9.4 17.5 27.2
Quintile 2 9521 (6.3) 7567 (5.0) 14,717 (9.7) 9.2 16.7 27.8
Quintile 3 10,174 (6.3) 7700 (4.7) 14,484 (8.9) 9.0 15.6 28.3
Quintile 4 10,178 (6.1) 7560 (4.5) 14,272 (8.5) 8.8 14.1 28.2
Quintile 5 7430 (5.6) 5236 (4.0) 9814 (7.4) 8.9 13.1 27.8
Dissemination area percent of females who
completed postsecondary education
Quintile 1 9346 (6.7) 6886 (5.0) 12,190 (8.8) 8.8 14.9 29.9
Quintile 2 10,103 (6.6) 7507 (4.9) 13,625 (8.9) 8.9 15.4 28.9
Quintile 3 10,905 (6.3) 8691 (5.0) 16,465 (9.5) 9.1 15.5 27.8
Quintile 4 11,131 (6.1) 9028 (5.0) 17,789 (9.8) 9.2 16.1 27.1
Quintile 5 9659 (5.6) 7628 (4.4) 15,847 (9.2) 9.3 16.6 26.1
Dissemination area percent of visible minority
Quintile 1 7320 (6.4) 5068 (4.5) 8546 (7.5) 8.0 10.9 29.8
Quintile 2 7796 (6.3) 5212 (4.2) 9068 (7.3) 8.5 12.6 29.6
Quintile 3 7882 (6.1) 5494 (4.3) 9912 (7.7) 9.1 13.7 28.9
Quintile 4 9886 (6.2) 7533 (4.8) 14,096 (8.9) 9.3 15.2 27.7
Quintile 5 18,260 (6.2) 16,433 (5.6) 34,294 (11.7) 9.6 18.3 26.1
Previous caesarean delivery
Yes 7618 (6.8) 5280 (4.7) 7367 (6.5) 9.0 15.5 27.8
No 43,526 (6.2) 34,460 (4.9) 68,549 (9.7) 9.1 16.0 27.9
Maternal asthma
Yes 2261 (7.5) 1648 (5.5) 2722 (9.1) 8.8 13.5 27.8
No 48,883 (6.2) 38,092 (4.8) 73,194 (9.3) 9.1 16.0 28.7
Maternal hypertension
Yes 1072 (19.9) 907 (16.8) 754 (14.0) 8.8 14.9 27.8
No 45,815 (6.2) 35,500 (4.8) 68,292 (9.2) 9.1 15.9 28.0
Missing 4257 (5.8) 3333 (4.5) 6870 (9.3) 9.0 16.4 27.7
Maternal heart disease
Yes 314 (8.5) 260 (7.0) 365 (9.9) 8.9 15.4 27.8
No 46,573 (6.3) 36,147 (4.9) 68,681 (9.3) 9.1 15.9 28.3
Missing 4257 (5.8) 3333 (4.5) 6870 (9.3) 9.0 16.4 27.7
Maternal diabetes
Yes 1744 (14.0) 866 (6.9) 931 (7.5) 9.0 16.1 27.8
No 45,143 (6.2) 35,541 (4.9) 68,115 (9.3) 9.1 15.8 27.4
Missing 4257 (5.8) 3333 (4.5) 6870 (9.3) 9.0 16.4 27.7
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Table 1 (continued )
Characteristics Preterm birth, n (%) Term low birth weight,
n (%)
Small for gestational age,
n (%)
Mean PM2.5
(μg/m3)
Mean NO2
(ppb)
Mean O3
(ppb)
Maternal gestational diabetes
Yes 3281 (4.9) 2130 (5.9) 3114 (8.7) 9.2 16.1 27.9
No 44,453 (6.2) 34,886 (4.9) 66,439 (9.3) 9.1 15.9 27.4
Missing 3410 (9.2) 2724 (3.9) 6363 (8.1) 9.1 16.3 27.5
Maternal pre-eclampsia
Yes 3495 (27.7) 3148 (25.0) 2272 (18.0) 8.8 15.0 27.8
No 44,239 (6.0) 33,868 (4.6) 67,281 (9.1) 9.1 15.9 28.0
Missing 3410 (4.9) 2724 (3.9) 6363 (9.1) 9.1 16.3 27.5
Total 51,144 (6.2) 39,740 (4.9) 75,916 (9.3) 9.1 15.9 27.8
a All comparisons are statistically signiﬁcant with p valueso0.05, except for differences across categories of maternal asthma for term low birth weight (p¼0.1536) and
across categories of maternal heart disease for term low birth weight (p¼0.2150).
Table 2
Summary of estimated PM2.5 (μg/m3), NO2 (ppb) and O3 (ppb) by exposure period.
Pollutant Period N Mean Standard deviation Median Interquartile range 5th percentile 95th percentile
PM2.5 Entire pregnancy 818,400 9.07 1.70 9.20 2.01 6.00 11.71
Trimester 1 818,400 9.20 1.90 9.23 2.33 5.98 12.42
Trimester 2 790,090 9.14 1.89 9.18 2.30 5.95 12.40
Trimester 3 761,681 9.12 1.90 9.12 2.35 5.93 12.37
NO2 Entire pregnancy 818,400 15.89 6.38 16.00 9.00 6.00 26.00
Trimester 1 818,400 16.20 6.87 16.00 10.00 6.00 28.00
Trimester 2 790,090 16.15 6.88 16.00 10.00 6.00 28.00
Trimester 3 761,681 15.93 6.87 16.00 9.00 5.00 28.00
O3 Entire pregnancy 362,800 27.80 3.16 28.00 5.00 23.01 33.05
Trimester 1 362,800 28.31 3.20 28.50 5.14 22.82 33.41
Trimester 2 348,288 27.90 3.18 28.34 5.10 22.91 33.23
Trimester 3 337,404 27.85 3.17 28.05 5.00 23.04 33.11
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Associations for exposure to PM2.5 and NO2 during the second
and third trimesters of pregnancy are reported in supplementary
Tables S6 and S7. In general, ﬁndings were similar to those re-
ported for exposures over the entire pregnancy, but effect esti-
mates appeared higher during the third trimester compared to
other trimesters. Similar associations were observed in the ﬁrst
trimester when compared to the second trimester of exposure
(data not shown).
The sensitivity analysis for the overall associations between
PM2.5, NO2 and O3 over the entire pregnancy and birth outcomes
stratiﬁed by urban vs. rural maternal place of residence is pre-
sented in supplementary Table S8. Generally, the odds ratios for
urban place of residence were similar in magnitude to the ones
including the whole population. Most effect estimates for rural
place of residence were not statistically signiﬁcant. We also com-
pared two exposure assessment approaches for NO2 and found
that odds ratios using the temporal scaling technique were gen-
erally higher that those reported previously using only the
weighted LUR which shows that results presented are likely more
conservative (data not shown). In addition, in a sensitivity analysis
comparing groups with and without maternal comorbidities on
the odds of adverse birth outcomes, we show that for most asso-
ciations the presence of the selected comorbidities increases the
odds of preterm birth, small for gestational age and term low birth
weight (supplementary Table S9). Finally, odds ratios for overall
pregnancy exposure using ground-based measurements were
generally lower in magnitude than those using the remote-sensing
or LUR data in the subset population (n¼190,396) used in this
sensitivity analysis (supplementary Tables S10 and S11).4. Discussion
In a study based in the largest province of Canada, we assigned
robust exposure estimates of PM2.5, NO2 and O3 to a large cohort of
births identiﬁed from a provincial registry and examined whether
the effects of air pollution on birth outcomes varied in relation to
selected maternal comorbidities. We found evidence that the
presence of chronic diabetes mellitus increased susceptibility to
the impact of exposure to PM2.5 and NO2 during pregnancy on the
likelihood of preterm birth. Our results also suggest that women
with preeclampsia have a higher susceptibility to exposure to
PM2.5 than do women without this condition when evaluating
preterm birth as an outcome. Finally, effects of O3 during preg-
nancy on preterm birth were stronger among women with asthma
compared to those without. We did not ﬁnd evidence that other
maternal comorbidities increased susceptibility to air pollution for
the outcomes under investigation.
Only two previous studies have evaluated whether pregnant
women with pre-existing comorbid conditions or pregnant wo-
men who develop pregnancy complications are more at risk of
adverse birth outcomes due to ambient air pollution. In a study
conducted in Los Angeles County in California, Laurent et al. found
that in pregnant women with chronic hypertension and diabetes,
there were stronger associations between markers of air pollution
and term low birth weight (Laurent et al., 2014). Among exposure
metrics evaluated in Laurent et al., only associations of exposure to
O3, trafﬁc, road indices and term low birth weight appeared to be
stronger among women with chronic diabetes. For example, the
odds of term low birth weight among women with chronic dia-
betes increased by 8% (OR¼1.080; 95% CI: 1.0261.138) for
Fig. 1. Adjusteda OR (95% CI)b between exposure to PM2.5 over the entire pregnancy and birth outcomes stratiﬁed by maternal comorbidities per interquartile range increase.
aAdjusted for maternal age at delivery, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, urban/rural place of residence,
month of birth, year of birth, census dissemination area median family income, census dissemination area proportion of population who are visible minority and census
dissemination area proportion of the adult female population aged 25–64 years old who completed postsecondary education. bOR correspond to a 2 μg/m3 increase in PM2.5.
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the OR was 0.990 (95% CI: 0.9810.998) among women without
diabetes. However, the authors did not report any measures for
evaluating the statistical signiﬁcance of effect modiﬁcation and
they did not evaluate the risk of preterm birth. In a population-
based case-control study in Taiwan, the authors found that ex-
posure to elevated concentrations of O3 during the second and
third trimesters of pregnancy were associated with a higher risk of
preterm birth among those women with gestational diabetes
mellitus (p for interactiono0.001) (Lin et al., 2015). This study
evaluated only pregnancy complications (i.e. gestational diabetes,
gestational hypertension, and preeclampsia) as potential effect
modiﬁers and did not investigate prior maternal health problems.
Outdoor air pollution is associated with systemic inﬂammation
which is a hypothesized mechanism leading to preterm birth. In
particular, inhalation of airborne particles and gaseous pollutants
such as those under investigation in this study can induce an in-
ﬂammatory reaction in the lungs of pregnant mothers and lead to
a release of proinﬂammatory cytokines that may trigger preterm
delivery (Kannan et al., 2006; Shah et al., 2011; Vadillo-Ortega
et al., 2014). Inﬂammation is also a common feature of individuals
with chronic diabetes, asthma and preeclampsia (Rodriguez-Her-
nandez et al., 2013). For example, it's been shown that individuals
with diabetes mellitus have higher circulating concentrations of
inﬂammatory cytokines such as tumor necrosis factor-α (TNFα)
and interleukin-6 (IL-6) than non-diabetics (Rodriguez-Hernandez
et al., 2013). In fact, high serum levels of proinﬂammatory cyto-
kines have also been shown to play a role in the physiopathology
of preterm delivery (Gomez-Lopez et al., 2014). Previous studies
have also shown that pregnant women with pre-existing diabetesmellitus, asthma and preeclampsia have increased risk of deli-
vering prematurely (Bakhireva et al., 2008; Kock et al., 2010; Sibai,
2006; Wahabi et al., 2012). Therefore, ﬁndings of our study suggest
that inﬂammation from exposure to air pollution during preg-
nancy might lead to an exacerbation of maternal medical condi-
tions that translates into a higher susceptibility to premature de-
livery. These ﬁndings require further investigation.
We found that overall exposure to PM2.5, NO2 and O3 over the
entire pregnancy was associated with preterm birth. Our ﬁndings
for PM2.5 and NO2 are consistent with recent meta-analyses
showing increased risk of preterm birth with exposure during the
entire pregnancy (Stieb et al., 2012; Sun et al., 2015; Zhu et al.,
2015). While prior literature is less consistent regarding the as-
sociation between O3 and preterm birth (Stieb et al., 2012), recent
reports have shown a positive association between O3 exposure
throughout pregnancy and preterm birth (Lin et al., 2015). As well,
we found that O3 was associated with small for gestational age as
well as term low birth weight. This ﬁnding is somewhat consistent
with previous studies with some reporting positive associations
(Geer et al., 2012; Gray et al., 2014; Morello-Frosch et al., 2010),
other studies showing no association (Liu et al., 2003) and one
study showing a protective association between O3 and term low
birth weight (Ha et al., 2014).
Our study did not focus on the investigation of multiple pol-
lutant models. However, when including all pollutants in the
models, we found that most estimates were weaker, but those that
were signiﬁcant in single-pollutant models remained statistically
signiﬁcant in multi-pollutant models. The impact of PM2.5 among
pregnant women with pre-existing diabetes mellitus appeared
to be stronger in multi-pollutant models. PM2.5 reﬂects a
Fig. 2. Adjusteda OR (95% CI)b between exposure to NO2 over the entire pregnancy and birth outcomes stratiﬁed by maternal comorbidities per interquartile range increase.
aAdjusted for maternal age at delivery, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, urban/rural place of residence,
month of birth, year of birth, census dissemination area median family income, census dissemination area proportion of population who are visible minority and census
dissemination area proportion of the adult female population aged 25–64 years old who completed postsecondary education. bOR correspond to a 9.0 ppb increase in NO2..
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interesting to evaluate the components of ﬁne particulate matter
responsible for this impact. This ﬁnding could also be attributed to
differences in degree of exposure measurement error and/or ex-
posure variability. Therefore, the ﬁndings based on the multi-
pollutant models require further work to clarify this observation.
We need to acknowledge some limitations of this study. First,
while we included several important confounding factors we
cannot rule out potential residual confounding by unmeasured
individual risk factors such as maternal alcohol consumption,
ethnicity, income and education. The fact that we adjusted for
area-level SES factors may have partially accounted for con-
founding for some of these potential confounders. As well, we did
not include other potential maternal medical conditions char-
acterized by inﬂammation (e.g. allergy, obesity) that may also
modify the relationships under investigation because these were
not available in the database. As well, we did not have information
on medication consumption status among pregnant women with
comorbidities. The database used for assessing residential mobility
during pregnancy may not capture the speciﬁc dates of the re-
sidential moves accurately and, therefore, this may lead to some
level of misclassiﬁcation of exposure to ambient air pollutants.
However, only about 10% of subjects moved at least once during
their pregnancy and, for those who moved, the majority (70%)
moved within the same municipality which should reduce ex-
posure misclassiﬁcation to some extent. In addition, the air pol-
lution data for rural areas may be less accurate. Notable strengths
of this study include the large sample size, the availability of
several maternal comorbidities, the ability to evaluate effects at
comparatively low levels of exposure and the availability ofspatiotemporal air pollution exposure estimates across a large
geographical area.5. Conclusion
In this population-based study in the largest province of Ca-
nada, we found that the associations between ambient air pollu-
tion and preterm birth were modiﬁed by maternal chronic dia-
betes, preeclampsia, and asthma status. The biological mechan-
isms still need to be clariﬁed, but inﬂammation is thought to be an
important pathway. Further studies are needed to clarify the
modifying effect of the maternal comorbidities investigated in this
study and other medical conditions not considered (e.g. allergy,
obesity) in the associations between ambient air pollution and
birth outcomes.Funding source
Funding was provided by Health Canada under the Clean Air
Regulatory Agenda Program.Ethics
Ethics approval for this study was granted by the Research
Ethics Boards of Health Canada and the Children's Hospital of
Eastern Ontario.
Fig. 3. Adjusteda OR (95% CI)b between exposure to O3 over the entire pregnancy and birth outcomes stratiﬁed by maternal comorbidities per interquartile range increase.
aAdjusted for maternal age at delivery, maternal cigarette smoking during pregnancy, infant sex, parity, previous caesarean section delivery, urban/rural place of residence,
month of birth, year of birth, census dissemination area median family income, census dissemination area proportion of population who are visible minority and census
dissemination area proportion of the adult female population aged 25–64 years old who completed postsecondary education. bOR correspond to a 5.0 ppb increase in O3..
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